Abstract Two dicationic water soluble mixed triamine/diamine copper (II) complexes, of general formula [Cu(dien)NN]Br 2 (1-2) [dien = diethelenetriamine and NN is en = ethylenediamine or Me 4 en = N,N 0 ,N,N 0 -tetramethylethylenediamine] were prepared under ultrasonic mode with a relatively high yield. These complexes were characterized by elemental microanalysis, UV visible IR spectroscopy, and thermal and electrochemical techniques. In addition, complex 2 structure was solved by X-ray single crystal and Hirshfeld surface analysis. The complex exhibits a distorted square pyramidal coordination environment around Cu(II) centre. The solvatochromism of the desired complexes was investigated in water and other suitable organic solvents. The results show that the Guttmann's DN parameter values of the solvents have mainly contributed to the shift of the d-d absorption band towards the linear increase in the wavelength of the absorption maxima of the complexes. The complex 1 showed higher antibacterial activity against the studied
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Introduction
The syntheses of Cu(II) with N-donors complexes are important research lines, due to biomedical and catalysis applications (Balasubramanian et al., 2006; Balasubramanian et al., 2007; Rosu et al., 2011; Sathyadevi et al., 2012; Vyas et al., 2011; Karvembu et al., 2003; Frey et al., 2001; Mevellec et al., 2001) . Mixed-ligand copper(II) complexes with poly-nitrogen donors have been also investigated in a pharmaceutical field, due to their inherent anticancer, antioxidant and antimicrobial potentials (Karvembu et al., 2003; Frey et al., 2001; Mevellec et al., 2001; Sigman and Perrin, 1993; Leiter et al., 1963; Krishnamurti et al., 1980; Koepf-Maier and Koepf, 1987; Takamiya, 1960) .
Copper(II) complexes have been found to exhibit prominent antimicrobial and anticancer potential activity by inducing apoptosis. They have been also found to be active both in vitro and in vivo, strongly binding and cleaving DNA (Koepf-Maier and Koepf, 1987; Takamiya, 1960; Ng et al., 2008; Barve et al., 2009; Zhang et al., 2004) . In general, redox-active agents that damage DNA in vitro are thought to exhibit apoptotic activities in live cells by inducing oxidative stress and/or DNA damage (Cardaci et al., 2004) .
The study of solvatochromic behaviour of complexes has been of importance, and it provides a quantitative access to recognize solvent behaviour and the role of the solvent in sphere coordination (El-Ayaan et al., 2001) .
The solvatochromism phenomena in metal complexes resonated mainly into two types: direct and indirect attachments of the solvent molecules onto the metal ion centre in the complexes (Sone and Fukuda, 1990; Linert et al., 1993) .
Diethelenetriamine (dien) and their derivative ligands with tridentate N-donor ligands are suitably placed to form two 5-memberchelate-metal complexes (Al-Noaimi et al., 2014; Mousa et al., 2014) . Although these complexes, with such tridentate amine ligands, have been thoroughly investigated, only one example that combines both bidentate amine and tridentate amine for preparation of mononuclear [Cu(II)(triamine)(diamine)]X 2 complexes has been isolated and characterized by X-ray single crystal diffraction up to date (Mousa et al., 2014) . The authors have recently investigated the spectroscopic and biological activity of [Cu(dipn)(N-N)]Br 2 [dipn = dipropylenetriamine, N-N = ethylenediamine (en) and propylenediamine (pn)] (Mousa et al., 2014) ; the structure of [Cu(dipn)(pn)]Br 2 was resolved by X-ray single crystal analysis. Herein, we reported the synthesis, solvatochromism and the spectroscopic properties of two new dicationic copper(II) complexes of general formula [Cu(dien)(diamine)]Br 2 through a simple, high yield procedure. Spectral, thermal and electrochemical analysis was investigated to identify the desired complexes. The structure of complex 2 is confirmed by X-ray single crystal diffraction combined with Hirshfeld surface analysis.
Methods

Chemicals
All the reagents, diethylenetriamine (dien), the diamines and CuBr 2 Á2H 2 O used were of analytical grade and purchased from Sigma-Aldrich and used as received.
Physical measurements
Microanalyses (C, H, N) were performed, using an ElementarVario EL analyzer. The FT-IR spectra (4000-400 cm
À1
) were obtained from KBr discs with a Perkin-Elmer 621 spectrophotometer. Thermal analyses, thermogravimetry (TG) and differential thermal analysis (DTA) were carried out with TA Instruments SDT-Q600 in air. Electronic spectra were recorded in water at room temperature (RT) on a Pharmacia LKB-Biochrom 4060 spectrophotometer. The electrochemical properties of the complex 2 were investigated by cyclic voltammetry in DMF solutions containing 0.1 M of TBAPF 6 as a supporting electrolyte. Cyclic voltammograms were recorded at a scan rate of 0.1 V vs Ag/AgCl. The Hirshfeld surface analysis of complex 2 was carried out using the program CRYSTAL EXPLORER 3.1 (Wolff et al., 2007) .
Single-crystal X-ray data collection
Crystals of complexes 2 were grown by slow evaporation of water. Suitable block-like elongated blue crystals were mounted with epoxy on a glass fibre and collected with monochromated Mo Ka radiation (k = 0.71073 Å ) on a Bruker SMART Apex II diffractometer equipped with a CCD area detector at 150(2) K. The crystal was positioned at 40 mm from the CCD and the spots were measured using a 20 s counting time. Data reduction was carried out using the SAINT-NT software package (Bruker, 2007) . Multi-scan absorption correction was applied to all intensity data using the SADABS program (Sheldrick, 1996) . The structure was solved by a combination of direct methods with subsequent difference Fourier syntheses and refined by full matrix least squares on F 2 using the SHELX-2013 suite (Sheldrick, 2008) . All non-hydrogen atoms were refined with anisotropic thermal displacements. The C-H hydrogen atoms were included in the structure refinement in geometrically idealized positions and U iso = 1.2U eq (parent carbon atom). The NAH and OAH hydrogens were obtained by different electron density syntheses and refined by O. . .H distance restraints of 0.83 Å . Molecular and crystal packing diagrams were drawn with Platon software package (Spek, 2009 ). Details of crystal data collection and refinement are given in Table 1. 2.4. Synthetic general procedure for complexes (1-2) 1 mmol of CuBr 2 Á2H 2 O was dissolved in 20 ml of methanol, and 1.1 mmol of diethylenetriamine and 1.1 mmol diamine mixture dissolved in 2 ml was added to the Cu(II) solution. The reaction mixture was subjected to stirring and ultrasound waves for approximately 30 min until the solution turned deep blue. The solvents were then removed under vacuum and the remaining solid was washed with isopropanol and dichloro-methane (to remove excessive amines) and dried under vacuum. Crystals of 2ÁH 2 O, suitable for X-ray diffraction, were obtained through slow evaporation of water from the solution of the complexes. ).
Antimicrobial assay
The antimicrobial activity of the two prepared complexes was tested against the following microbial strains: Escherichia coli (ATCC 25922), Staphylococcus aureus (ATCC 25213),) Klebsiella pneumoniae (ATCC 13883), Bacillus subtilis (ATCC 6633), and Bacterial strains were stocked onto a nutrient agar slant. All slants were stored at 4°C. A disc diffusion method was used to study the antimicrobial activity of the synthesized complexes (1 and 2). Stock complexes 1 and 2 were initially dissolved in ethanol and sterilized by filtration using 0.45 lm membrane filters. A Sterile 6 mm diameter filter paper disc was soaked with 0.2 mg/disc of the sterile complexes 1 and 2, and were placed in triplicates onto Muller-Hinton agar (Oxoid, England) plates for bacterial strains. These plates were previously inoculated separately with 100 lL (1.0 Â 10 8 -CFU m L À1 ) of fresh culture of bacteria suspension. The plates were incubated for 24 h at 37°C. After incubation, the inhibition zone around each disc was measured and recorded. Reported inhibition zones are the average calculated for three replicates. Discs soaked with sterile water were used for negative control, while standard antibacterial tetracycline (30 lg/ disc, Oxoid, Basingstoke, UK) were used as positive controls in the assay.
Results and discussion
Synthesis of complexes 1-2
Mixed triamine-diamine ligand copper(II) complexes of the general formula [Cu(dien)NN]Br 2 (1-2) were synthesized in good yields under ultrasonic mode. The reaction can be visually monitored by observation of the colour change from brown to blue when adding the N-donor ligands. The displacement of internal coordination sphere bromide ionic ligands from CuBr 2 by dien and en ligands to the outer sphere as seen in Scheme 1, was carried out very fast in one port under ultrasonic radiation mode reaction. Carrying out the reaction in the absence of ultrasonic radiation decreased the rate of reaction and revealed undesirable oily side products. These complexes were distinguished by using elemental analysis and spectral methods. Based on water solubility and conductivity, these complexes appeared to be dicationic halide salt. The X-ray crystal structure of 2ÁH 2 O supports such suggestion and shows a distorted square pyramidal geometry Cu(II) dicationic ion.
Crystal structure for complex 2 with one H 2 O molecule
Complex 2ÁH 2 O -crystallized in the monoclinic with P2 1 /n space group. Selected bond distances and angles are given in Table 2 . Hydrogen bond dimensions are illustrated in Fig. 1 , with the adopted labelling scheme, shows the nitrogen diamine and triamine atoms protonated as revealed by the last difference Fourier maps calculated along the structure refinement.
The geometry coordination around the copper centre can be described as a square pyramid distorted towards a trigonal bipyramidal arrangement by a s value of 0.32. This trigonal index was calculated using the formula s = (b À a)/60 previously defined by Addison et al. (1984) , with s assuming the values of 0 or 1 for ideal square-pyramidal and trigonal bipyramidal geometries, respectively. In complex 2, b and a correspond to N(4) ACuAN(13) and to N(1)ACuAN (7) angles, respectively. The equatorial coordination of the copper centre is composed of four nitrogen atoms from (Mousa et al., 2014 and Spek, 2009) .
The NÁ Á ÁO, NÁ Á ÁBr and OÁ Á ÁBr intermolecular distances found in the crystal lattice are consistent with the existence of a 3-D dimensional network (see Fig. 2 ) of NAHÁ Á ÁO, NAHÁ Á ÁBr and OAHÁ Á ÁBr hydrogen bonding interactions between [Cu(dien)Me 4 en] 2+ cations, water crystallization molecules and Br À anions, and with NÁ Á ÁBr and OÁ Á ÁBr distances ranging from 3.256(3) to 3.561(3) Å , and a single NAHÁ Á ÁO hydrogen bond with a NÁ Á ÁO distance of 2.904(4) Å .
Hirshfeld surface analysis for complex 2
The Hirshfeld surfaces analysis is sort of theoretical calculations usually performed to illustrate the mood of the intermolecular interactions between molecule and surrounding molecules using XRD structure input CIF file. The Hirshfeld surface of complex 2 is -shown in Fig. 3 . The red spots over the surface indicate the inter-contacts involved hydrogen bonds (Balasubramanian et al., 2007; Patel et al., 2005) . The dark-red spots on the d norm surface rise as a result of the short interatomic contacts, i.e., strong hydrogen bonds, while the other intermolecular interactions appear in light-red spots.
The 2D Finger print plots over the Hirshfeld surfaces show the presence of inter-contacts H. . .H (64.6%), H. . .Br (34.4%) and H. . .Cu (1.0%) (Fig. 4) . The major contribution is from H. . .H, while the least contribution is from H. . .Cu.
The outline of the full fingerprint is shown in grey, di is the closest internal distance from a given point on the Hirshfeld surface and de is the closest external contacts (Spackman and Jayatilaka, 2009; Spackman and McKinnon, 2002) .
Visible and ultraviolet spectral data
The electronic absorption spectra of 1 and 2 were measured in distilled water at room temperature. The spectra of the two complexes in water exhibit high intense p to p electron transitions in the UV region, around 250 nm (for complex 1) and 255 nm (for complex 2), along with a low intensity d to d electron transitions band around 610 nm (for complex 1) and 625 nm (for complex 2), as seen in Fig. 5 .
Interestingly, by subjecting the same complex 2 dissolved in DMSO to UV-visible at RT, as shown in (7) 154.17 (8) N (4)ACuAN (13) 173.60(8) N(1)ACuAN (8) 105.55 (8) N (7)ACuAN (8) 98.47(7) N(1)ACuAN (13) 94.61 (8) N (7)ACuAN (13) 97.25(7) N(4)ACuAN (7) 82.81 (8) N (8)ACuAN (13) 83.99 (6) charge-transfer (MLCT), the p to p * electron transition bands did not change. This observation may be due to the replacement of water molecule from the complex structure by the DMSO molecule.
Solvatochromism of complex 1
Complex 1 demonstrates solvatochromic in a number of selected polar solvents like water, EtOH, DMF and DMSO owing to its dicationic natural solubility. The electronic absorption spectra of such complexes were characterized by a broad structure band in the visible region attributed to the d to d electron transition of the Cu(II) centre. The visible spectral changes of complex 1 in some selected solvents are illustrated in Fig. 7 . The wavelength of the absorption maxima (k max ) of complex 1 in some selected solvents shifted to higher values due to the direct coordination of polar solvent molecules onto To explore the solvent effects on the absorption spectra of the complexes, k max, values were plotted vs. Guttmann's donor DN and acceptor CN using solvatochromic (Eq. (1)) as in Fig. 8 . The solvent parameters used include Guttmann's donor DN, acceptor numbers AN, electron pair donating ability b and hydrogen bonding ability a. leading to a change in the geometry of the complex from square pyramid to octahedron (El-Ayaan et al., 2001; Sone and Fukuda, 1990; Linert et al., 1993) .
IR Spectral investigation
Several main peaks were detected, due to functional group vibrations. Peaks at $3380 cm À1 and 1480 cm À1 , assigned, to m (O-H) and m (bend), respectively, are the characteristic of H 2 O, which indicate the existence of molecular lattice water. The three bands at 3340-3100 and 1600-1500 cm À1 assigned to m s (NAH), m as (NAH) and d(NAH), respectively, are shifted to wave numbers lower than those encountered in the free ligand, confirming the coordination of the N-donor groups with copper (Patel et al., 2005) . The strong bands -around 2900-2800 cm À1 are indexed to the stretching vibration of CAH of CH 2 in the dien and CH 3 -group of Me 4 en diamine ligands (Nagaraj et al., 2014) . The appearance of broad bands at $600-500 cm À1 may be attributed to m (Cu-N) bond vibrations (Tabassum et al., 2013; Gonza´lez-Á lvarez et al., 2013) . Bands that appear in the $290-250 cm À1 region were assigned to the m (Cu-Br) vibration (Manikandamathavan et al., 2012) . IR spectra of complexes 1 and 2 are given in Fig. 9 .
Thermogravimetric analyses of complex 2
The TG/DTA curves were obtained at a heating rate of 5°C min
À1 in an open atmosphere over the temperature range of 0-900°C. The thermo-gravimetric analyses of complex 2 reveal the occurrence of four consecutive processes, namely, mono-dehydration, Me 4 en followed by dien ligand pyrolysis and inorganic residue formation, as seen in Fig. 10 . The first step represents the loss of the uncoordinated water molecule in the range of 90-100°C, losing $3.5% at 92°C, showing an endothermic sign of DTA. The second decomposition stage initiates at 160°C and ends at 200°C, losing $25% of weight, due to Me 4 en ligand de-structure, with DTA exothermic signs at 190°C. The third decomposition step is registered between 210 and 350°C losing $23% of weight, due to the dien ligand loss, with DTA exothermic signs at 306°C and CuBr 2 product formation. The fourth step starts at 500°C and ends at 650°C, with DTA exothermic signs at 602°C which leads to the removal of bromide ions from CuBr 2 and reacts with oxygen to form copper oxide with 31.5% net weight loss. The final residue was analysed by IR spectra and identified as copper oxide (CuO, 17%) (Mousa et al., 2014) .
Electrochemical behaviour of complex 2
The experimental results proved that the reduction in complex 2 proceeds through a quasi-reversible one electron process with unity anodic to cathodic current (Ipa/Ipc) ratio, generating the Cu(I) species, which has a lifetime long enough to be detected by cyclic voltammetry as it is illustrated in Fig. 11 . 
Diethylenetriamine/diamines/copper (II) complexes
The redox process can be formulated as follows:
The quasi-reversibility associated with the reduction process probably arises as a consequence of a geometry change from the originally square pyramid towards a distorted tetrahedral environment around the Cu(I) species (Mousa et al., 2014) .
Antimicrobial studies
The inhibition efficiencies of the desired copper(II) complexes 1 and 2 were tested against two Gram-positive (S. aureus and B. subtilis) and two Gram-negative bacteria (E. coli and K. pneumonia) (Fig. 12) .
The highest activity of the complex 1 was against S. aureus with an inhibition zone of 23.7 mm; complex 1 also exhibited a strong activity against E. coli, K. pneumonia and B. subtilis, with inhibition zones of 19.8, 20.5 and 18.7 mm, respectively. A strong promising activity of complex 1 was observed against all the tested microorganisms with inhibition zones of greater than 18 mm. The highest activity of complex 2 was against S. aureus with an inhibition zone of 16.7 mm; complex 2 exhibited moderate activity against E. coli, K. pneumonia and B. subtilis, with inhibition zones of 13.1, 11.9 and 11.7 mm, respectively. Complex 2 exhibits a moderate promising activity against all the tested microorganisms with inhibition zones of less than 12 mm. Fig. 12 shows the mm inhibition zone diameter against the bacterial strains, with the data for one standard antibioticadded for comparison. The complex 1 has higher antibacterial activity against the studied microorganisms, while the activity complex 2 is lower. Nevertheless, both complexes show promising results as antibacterial agents. Complexes 1 and 2 were able to target Gram-positive and Gram-negative bacteria indicating a broad-spectrum of antimicrobial activity for both complexes. Such a broad-spectrum activity could be mediated by targeting essential steps in microbial growth or by causing metabolic toxicity (Srinivasan et al., 2001) .
The minimum inhibitory concentration MIC of complexes 1 and 2 was determined using the broth microdilution method. The applied protocol was similar to that of CLSI (Okeke et al., 2001) . Briefly, complexes 1 and 2, were dissolved in 100% ethanol to achieve a concentration of 1000 lg/ml. These solutions were serially diluted (2-fold) 10 times with nutrient broth (HIMEDIA, India). Well number 11 was considered a negative control of bacterial growth, while well number 12 contained nutrient broth only and was the positive control of bacterial growth. The achieved 10 concentrations of complexes 1 and 2 were 0.97, 1.95, 3.90, 7.81, 15.62, 31.25, 62.5, 125, 250 and 500 lg/ml. Overnight grown bacterial isolates were applied to all wells except the negative control. The final standard bacterial concentration in each well was adjusted to 1 ll of 5 Â 10 7 (CFU/ml) of each. After inoculation of bacteria, the plates were covered and incubated at 37°C for 24 h. Broth microdilution method was performed in duplicate for each isolate.
The lowest compound concentration (highest dilution) that inhibited the growth of tested microorganisms, which did not show any visible growth in the test media, was considered the minimum inhibitory concentration (MIC). The MIC values of complexes 1 and 2 against growth of bacteria expressed in lg/mL are seen in Table 4 .
As shown in Fig. 12 complex 1 produces the highest inhibition zone against all tested bacteria and it also inhibits bacteria growth at lower concentration in comparison with complex 2 (Table 4) .
It is clear to us that, primary diamine with 2H on N atoms as in complex 1 in general enhanced the antibacterial activity; meanwhile, replacing the N hydrogens by alkyl groups using another diamine such Me 4 en as in complex 2 caused the antibacterial deactivation. In order to verify this proposal we are planning to prepare the same complexes using several types of diamine ligands and then compare their antibacterial activities.
Conclusions
Two triamine/diamines/Cu(II) water soluble cationic complexes were synthesized and characterized with high yields under fast ultrasonic mode. The displacement of internal coordination sphere bromide in CuBr 2 by dien and en ligands to the outer sphere was accelerated with the help of ultrasonic radiation. The structures of the desired complexes were determined by several spectral, thermal, and potentiometric analyses. Complex 1 demonstrated positive solvatochromism due to coordination of polar solvent molecules with different DN to the axial site of the Cu(II) centre which changed the geometry of the complexes from square planar to octahedral one. The single crystal X-ray diffraction data for complex 2 showed that copper ion is in a distorted square pyramid environment. Complex 1 revealed higher activity against several types of bacteria compared to Complex 2.
Supplementary material
Crystallographic data for the structure of complex 2 was deposited with the Cambridge Crystallographic Data Centre, CCDC No. 1437266. Copies of this information may be obtained free of charge from the Director, CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (e-mail: deposit@ccdc.cam. ac.uk or www: http://www.ccdc.cam.ac.uk).
Figure 12
Antimicrobial activity inhibition zones in mm of the complexes 1 and 2 (1 mg/ml) against various microbial strains (S. aureus, E. coli, K. pneumonia and B. subtilis). 
